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There are several reports on the synthesis of fuel additives based on oleochemical esters, and physical data
on some of these compounds is lacking. Herein, we report the surface tension of several epoxidized oleochemicals
and their comparable fatty esters, at temperatures between 25 &8d®0rface tensions of the olefins measured
at 40 °C range from 25.9 mN m¥, for isobutyl oleate, to 28.4 mN ™ for methyl linoleate. The epoxy
versions of the same compounds displayed higher surface tensions of 28.1 and 32.1'yispectively.
Branched ester compounds also had surface tensions between 27.4 and 30.2'nf¢veral trends and
observations were elucidated. More epoxidation or unsaturation leads to higher surface tension. Epoxidation
has a larger effect on surface tension than unsaturation. Linear alkyl headgroups on fatty esters have similar
surface tensions, but branched headgroups gave slightly lower surface tensions. Soy methyl esters, or epoxy
soy methyl esters, give surface tensions which are between that of their two main components. Overall, the
results show that all of these compounds have surface tensions which make them suitable for use as biofuel

additives.

Introduction

The use of renewable resources in industrial applications has

become of interest in the fedefalcommerciaf and, most
importantly, consumér® conscience. As petroleum prices
continue to remain highuse of biobased products also makes

economic sense as well. Chemical producers are looking to

increase their utilization of agricultural products to produce
chemical feedstocks such as biobutahtdyulinic acid® and
furfual ? along with glycerol, a biodiesel coproduét.

Fuel properties and the environmental impa&tof renewable
oil based fuels have been well-studi€dh more recent area of

T The use of trade, firm, or corporation names in this publication is for

interest is in the use of lubrication or fuel additives which are
also based on oleochemicdfs?! Because they are also
vegetable oil based, these additives are likely to give the same
environmental advantages as biodiesel. Epoxidation of ole-
ochemicals has been shown to increase overall oxidative
stability, and the resultant epoxides have been shown to lower
overall friction, even at additive concentratiol§gs22-24

However, the effect of epoxidation on the atomization
properties of oleochemically based fuels has not been studied.
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Surface Tensions Studies of Oleochemicals

Atomization, usually considered the initial process in combus-
tion, is a complicated process which is governed by many
factors, including pressure, temperature, and injector design.
Atomization phenomena have been studied in some¥orh
for over a century and in biodiesel for nearly 30 ye&rs° An
equation (eq 1) used to measure the relative atomization

characteristics of biodiesel and vegetable oil based fuels has

been derivet?3° and shows the potentially important effect of
surface tension on fuel properties. In one stéftlyt was
recommended that fuel mixtures not include more than 34%
vegetable oil. A more recent study shows that even low levels
of monoglyceride impurities in biodiesel have a negative effect
on fuel atomization and performang&Because surface tension
is an important factor in fuel properties, and epoxidized
oleochemicals are potentially valuable fuel additives, a study
of the surface tension of oleochemical epoxides is merited.

s

Pruel V\_/ﬁl/3
patmosphereRe

Wel 1/y
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Equation 1 is used for the determination of relative atomi-
zation characteristics of a liquitk(= characteristicp = density,
We = Weber numberRe = Reynolds numbery = surface
tension).
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Alkyl oleate

R = methyl, ethyl, propyl, butyl, isopropyl, isobutyl, 2-ethylhexyl

branched ester derivatives

R' = propyl, octyl, 2-Ethylhexyl, 4-oxypentyl

Figure 1. Structures of various alkyl esters, epoxy esters, and branched
esters studied herein. Thé oup in the branched esters includes the
carbonyl carbon as well, i.e., propyl has a total of 3 carbons in the

Many valuable surface studies have been done on saturatedidechain ester.

fatty acids or ester®;-33 while much less has been reported on
their unsaturatel®* counterparts and none is available for
epoxidized fatty ester materials. Herein, we report the surface
tensions of various epoxidized oleochemicals (Figure 1), includ-
ing epoxidized methyl oleate (EMO; methyl 9,10-epoxy stear-
ate), epoxidized methyl linoleate (EMLO; methyl 9,10,12,13-
diepoxy stearate), and epoxidized soybean oil methyl esters
(ESME), as well as similar results for a comparable set of the
parent olefins.

Experimental

Materials. Oleic acid (Nu chek Prep, Elsyian, MY,99%); ethyl
oleate (Nu chek Prep, Elsyian, MN,99%); methyl linoleate (Nu
chek Prep, Elsyian, MN3>99%); methyl stearate (Nu chek Prep,
Elsyian, MN, >99%); hydrogen peroxide (30% Solution, Sigma-
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Aldrich, St. Louis, MO, ACS reagent); formic acid (Fisher
Scientific, 88%, sequencing grade); hexanes (Sigma-Aldrich, St.
Louis, MO, >95%,HPLC grade); sodium chloride (Fisher, Fairlawn,
NJ, ACS reagent); sodium bicarbonate (Fisher, Fairlawn, NJ, ACS
reagent); sodium hydroxide (Fisher, Fairlawn, NJ, ACS reagent);
sodium sulfate (Sigma-Aldrich, St. Louis, MO, 9%, ACS
reagent); propanol (Sigma-Aldrich, St. Louis, MO, 99.5% ACS
reagent); 2-propanol (Sigma-Aldrich, St. Louis, MO, 99.5% ACS
reagent); butanol, (Fisher, Fairlawn, NJ, ACS reagent); 2-methyl-
1butanol (isobutyl alcohol, Sigma-Aldrich, St. Louis, MO, 99%);
octanol, (Sigma-Aldrich, St. Louis, MO, ACS reagent 99%); 2-ethyl
hexanol (Sigma-Aldrich, St. Louis, MO, 99%); propionic acid
(propanoic acid, Sigma-Aldrich, St. Louis, MO, 99.5%); levulinic
acid (Sigma-Aldrich, St. Louis, MO, 98%); hexanoic acid (Sigma-
Aldrich, St. Louis, MO, 99.5%); octanoic acid (Sigma-Aldrich, St.
Louis, MO, 99%); 2-ethylhexanoic acid (Sigma-Aldrich, St. Louis,
MO, 99%); and soy methyl esters (Soygold 1100, Ag. Environ-
mental Products, Omaha, NE) were used as received.

Synthesis of OleochemicalsVarious alkyl esters which were
not available commercially were synthesized by a Fischer esteri-
fication of oleic acid, which has been used previously in our
laboratorieg?21In summary, oleic acid (99%, 10.0 g, 35.4 mmol),
the desired alcohol (ROH: methanol, ethanol, etc.) (15.0 mL), and
a catalytic amount of 80O, (conc, 0.10 mL, 5.1 mol %) were
combined at room temperature and then heated at reflux for 4 h.
Upon cooling to room temperature, the alcohol was removed by
rotary evaporation or Kugelrohr distillation and the resultant oil
dissolved in hexanes (10 mL). After washing with NaH{®at
aq, 2x 1 mL) and brine (2x 1 mL), the organic phase was dried,
filtered, concentrated, and placed % h under high vacuum to
afford various alkyl oleates in97% yield. Further characterization
on the materials has been reported elsewkfete.

Various epoxides were made by a Swern epoxidatidhwhich
has been modified for oleochemical use by Bunker and Wool

(35) Findley, T. W.; Swern, D.; Scanlan, J. T. Epoxidation of Unsaturated
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Chem. Soc1945 67, 412-414.
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Table 1. Surface Tensions of the Series of Oleochemicals Measured at 4T?

olefins epoxides branched esters

headgroup y (MN m™1) headgroup y (MN m™1) sidechain ester y (MN m™1)
Me 27.4 Me 27.3 propionic 29.1
Et 27.7 Et 28.3
Pr 27.4 Pr 28.0
Bu 27.7 Bu 27.9
Oct 27.6 Oct 28.6 octanoic 27.4
IPr 26.9 IPr 28.5
IBu 25.9 IBu 28.1
2-Ethx 27.7 2-Ethx 28.4 2-ethylhexanoic 28.0
methyl linoeate (2 double bonds) 28.4 EMLO (2 oxirane rings) 32.1 levulinic (4-oxypentanoic) 30.2
methyl stearate (0O double bonds) 27.0 ESME 30.1
SME (biodiesel) 28.1 epoxy 2-ethylhexyl soyate 317

aMe = methyl, Et= ethyl, Pr= propyl, IPr= isopropyl, Oct= octyl, IBu = isobutyl, 2-Ethx= 2-ethylhexyl, SME= soy methyl esters, ESME
epoxidized soy methyl estersFrom earlier worki8

and used by our laboratory in the p&stl*8The corresponding  stearate, which could not be studied at°Z5due to its solid

alkyl oleate (10.0 mmol) and formic acid (88%, 25 mmol) were state at that temperature. All of the samples displayed a decrease
stirred together at 4C, and HO, (30% in HO, 20 mmol) was i surface tension with increasing temperature, a trend that is
added slowly. The reaction proceeded at room temperature with usually observed in organic liquids. Careful analysis of the

vigorous stirring (908 rpm). The reaction was followed by GC- ¢ 115 allowed the following trends to be elucidated.
MS analysis until consumption of the alkyl ester was complete-(14

16 h). After removal of the aqueous phase, a portion of hexanes Unsaturation. It has been known for nearly a centtfty*

(20 mL) was added to the upper oily phase, which was washed that an increase in unsaturation will significantly alter surface
with NaHCGQ; (sat aqg, 2x 5 mL) and brine (2x 5 mL), dried, energies of a liquid. A relationship between the molecular
filtered, and placed o6 h under high vacuum to provide alkyl  volume of a liquid, its density, and its surface tension was found
9,10-epoxystearates as clear oils~#95% overall yield. Further and labeled the MacLeedSugen parachd?*3 From this
characterization of the materials and a more detailed synthesis hagelationship, it can be noted that the slightly less dense methyl
been reported elsewhet®?! stearate has a similar surface tension to that of methyl oleate,

Surface Tension AnalysisSurface tension measurements were ; :
. ; : whereas the more dense methyl linoleate has an increased
taken with a Sita t60 bubble pressure tensiometer (SITA GmbH, surface tension. Our measured results (Figure 2) of methyl

Desden, Germany/Future Digital Scientific, Bethpage, NY) using . .
Sita online V2.1 software. Software controlled dilutions and stgaratev methyl oleatg< methyl linoleate are in agfee”?e”t
temperature control were handled by an Ingeniéto{Staufen, with values calculated in the literatu¥® The surface tension

Germany) Cat M 26 stir plate and an IngenieuthStaufen, of a commercial biodiesel was measured, and it showed the
Germany) CAT contiburetta-10M-C burette using Sita Labtool — expected behavior between methyl linoleate and methyl oleate,
V1 software. They were all controlled by an IBM (White Plains, its two largest components.

NY) Pentium 4 computer with a 3.0 GHz processor and a Windows  Epoxidation. Epoxidation is expected to increase the surface

XP operating system. A bubble lifetime of at ledss was used S0 tensjon of organic compounds, as can be appreciated by the
that dynamic effects were not a factor in the measurements. ThlsSurface tension of ethylene oxide (28.4 mN'mat —5 °C)

parameter was initially determined by the auto-scan function of .

the tensiometer. The system was calibrated using pure water Withcompetrled to the m:JCh lower surface tensions of ethylene (13.66
the built in calibration function on the tensiometer. The surface MN M™* at —88.3°C) and ethane (16.25 mN That —89.1
tensions of several organic solutions were measured, and found to’C)-3* In oleochemicals, this effect is even larger than the effect
agree with literature values, before the surface tension measurementsaused by unsaturation. Oleochemicals with two epoxides have

of samples were undertaken. an even higher surface tension (Figure 3). This can be explained
by the interactions of the oxygen containing moieties in the
Results and Discussion doubly epoxidized species forming a more stable surface

Th th fth . kvl fat " d oleochemi structure. Measurement of the surface tension of the triply
e syntheses of the various alky! fatty esters and oleoc em_"epoxidized methyl linolenate was not feasible due to its higher
cal epoxides went as expected and without event, as shown 'nviscosity

the past in our laboratori#821-3° The variety of headgroups Lenath of Head ch in either the si th
was selected in order to study the possible effects of headgroup (fa_ng t'o ??h grcl)lgpl.h ‘anes n ellkelr (tahsllzetor he
size and configuration on surface tension. The surface tensioncOMNTguration of the alkyl headgroup in akyl methyl esters has

of each compound was measured by bubble pressure tensiompeen shpwn to dramatic_al_ly effect properties such as cloud point,
etry, a method which has been shown to give results within pour pointi®2* and lubricity*4° The §urface tensions of th_e
experimental error to those obtained using more traditional methyl ester, ethyl ester, and fatty acids of many oleochemicals

tensiometry methods. The surface tensions for each of the

i i _ (40) Langmuir, I. The Constitution and Fundamental Properties of Solids
olteochebmltcals wz;ss megs;g:ed (.Ir?tzlr? Data tV ar'8t¥ of tﬁ]mlper and Liquids. li. Liquids.J. Am. Chem. Sod917, 39 (9), 1848-1906.
atures between an wi € exceptuon of methy (41) Harkins, W. D.; Brown, F. E.; Davies, E. C. H. The Structure of
the Surfaces of Liquids, and Solubility as Related to the Work Done by the
(37) Bunker, S. P.; Wool, R. P. Synthesis and Characterization of Attraction of Two Liquid Surfaces as They Approach Each OtdeAm.

Monomers and Polymers for Adhesives from Methyl Oleat&olym. Sci., Chem. Soc1917, 39, 354-364.

Part A: Polym. Chem2002 40, 451-458. (42) Macleod, D. B. On a Relation between Surface Tension and Density.
(38) Doll, K. M.; Erhan, S. Z. Synthesis of Carbonated Fatty Methyl Trans. Faraday Socl923 19, 38—41.

Esters Using Supercritical Carbon Dioxide Agric. Food Chem2005 53 (43) Sugden, S. A Relation between Surface Tension, Density, and

(24), 9608-9614. Chemical Composition]. Chem. Socl924 125 1177-1189.

(39) Hwang, H.-S.; Adhvaryu, A.; Erhan, S. Z. Preparation and Properties ~ (44) Adhvaryu, A.; Biresaw, G.; Sharma, B. K.; Erhan, S. Z. Friction
of Lubricant Basestocks from Epoxidized Soybean Oil and 2-Ethylhexanol. Behavior of Some Seed Oils: Biobased Lubricant Applicatiéms. Eng.
J. Am. Oil Chem. So003 80 (8), 811-815. Chem. Res2006 45 (10), 3735-3740.
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Figure 2. Plot showing the effect of increased unsaturation on the Figure 4. Plot showing the essentially negligible effect on the surface
surface tension. The surface tension of commercial biodi@eli¢s tension of alkyl esters caused by increasing the length of the ester
between that of its major component species, methyl oleate and methylheadgroup but a significant surface tension reduction caused by
linoleate. branching in the headgroup.
34 I } i I rationalized by considering the effect of branching which
MO disrupts the papklng of the headgroups in t_he surface layer of
—o— EMLO the product. It is also of interest that a similar effect was not
1 —o— Epoxy Methyl Esters observed in the epoxy oleochemicals.
2 Ester Containing SidechainsWe have recently synthesized
e a series of compounds which contain an ester sidechain at either
< the 9 or 10 position of the fatty acid chain (Figure11}®
S a0 -+ Measurement of the surface tension of these compounds was
g of interest and was briefly reported earliént is of note that
i these compounds all have a surface tension larger that that of
i any of the singly epoxidized or unsaturated compounds, but all
a 287 T have a lower surface tension than the double epoxidized EMLO.
This points to the important effect of the oxygenated moiety in
the surface tension phenomena.
267 T )
Conclusion
The physical structure of an oleochemical has a large impact
o4 | | | | on its observable surface properties. As well as the studies herein
on ester chain length and branching, studies on potential
20 30 40 50 60 70 additives with dimeric or polymeric structures, or those contain-
Temp°C ing other moieties, such as carbonates, are of interest. Within
. . A . . . the current study, several basic trends were observed. First,
Figure 3. Plot showing the significant increase in the surface tension . . furation in the fatty chain of | hemical
of oleochemicals with increased epoxidation. increasing unsaturation in the fatty chain of an oleochemica

causes competing effects and leads to greater surface tension
have been reported; 32 but not much has been done with larger in methyl linoleate than in the other methyl esters studied.
headgroups. The difference between methyl and ethyl esters isSecond, the headgroup length does not greatly affect surface
quite small, always within 0.5 mN m at 75°C. This trend is tension, but branches in the headgroup lower it significantly.
supported by our data as well, with no significant change in Finally, oxygen containing moieties, such as epoxides or
surface tension despite varied linear ester head groups fromsidechain esters, effect the surface properties more than unsat-
methyl to octyl (Figure 4). However, a significant difference uration, with the doubly epoxidized EMLO having the highest
was observed whenever branching was introduced into thesurface tension of any of the compounds studied.
headgroup of the compound. The branching in the headgroup, Overall, the magnitude of the surface tension changes is fairly
especially in the isopropyl and isobutyl ester cases, lowered thesmall, with a difference of only about 4 mNThin the highest
surface tension of the compounds measurably. This can be besand lowest measurements at4f) This leaves even the highest

(45) Gryglewicz, S.; Stankiewicz, M.; Oko, F. A.; Surawska, |. Esters (46) Doll, K. M.; Sharma, B. K.; Erhan, S. Z. Synthesis of Branched
of Dicarboxylic Acids as Additives for Lubricating Qil3ribol. Int. 2006 Methyl Hydroxy-Oleates Including an Ester from Bio-Based Levulinic Acid.
39 (6), 560-564. Ind. Eng. Chem. Re2007, 46, 3513-3519.
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compound measured herein, EMLEN, about 4 mN! hower minimal or no effect on the atomization performance of a fuel.
than the observed surface tension of soybean oil (35.6 MmN m  This is evidence that any of the negative atomization effects
at 38°C) or peanut oil (34.5 mN mt at 38°C).#’ From these  demonstrated by Allen and Waftfor glyceride impurities in
results, the amount of our compounds that could be added to apjodiesel, are probably not originating from a surface tension
mixture of diesel is considerably greater that the3d% range effect. The small surface tension change is probably only
that is advisable for straight vegetable BilAt least from an g fficient to cause little if any change in the atomization
atomization standpoint, the surface tensions should allow the characteristics of a fuel. Good news for those wanting consistent

blending of our components to any level tha'_[ was _e_conomic_ally behavior when using oleochemically based fuel additives.
feasible. A broader conclusion is that any impurities forming

in biodiesel, of thi of oxidized ester structure, should have .
biodiesel, of this type Acknowledgment. We would like to acknowledge Ms. Donna
(47) Cochran, D. L.; Threadgill, E. D.; Law, S. E. Physical Properties |. Thomas for surface tension measurements.

of Three Oils and Oil-Insecticide Formulations Used in Agricultinens.
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